Pseudomonas syringae pv. phaseolicola produces phaseolotoxin in a temperature dependent manner, being optimally synthesized between 18˚C and 20˚C, while no detectable amounts are present above 28˚C. The Pht cluster, involved in the biosynthesis of phaseolotoxin, contains 23 genes that are organized in five transcriptional units. The function of most of the genes from the Pht cluster is still unknown and little information about the regulatory circuitry leading to expression of these genes has been reported. The purpose of the present study was to investigate the participation of pht genes in the regulation of the operons coded into the Pht cluster. We conducted Northern blot, uidA fusions and reverse transcription-PCR assays of pht genes in several mutants unable to produce phaseolotoxin. This allowed us to determine that, in P. syringae pv. phaseolicola NPS3121, genes phtABC are essential to prevent their own expression at 28˚C, a temperature at which no detectable amounts of the toxin are present. We obtained evidence that the phtABC genes also participate in the regulation of the phtD, phtM and phtL operons. According to our results, we propose that PhtABC and other Pht product activities could be involved in the synthesis of the sulfodiaminophosphinyl moiety of phaseolotoxin, which indirectly could be involved in the transcriptional regulation of the phtA operon.
Introduction
Some strains of Pseudomonas syringae pv. phaseolicola and P. syringae pv. actinidiae, as well as P. syringae pv. syringae strain CFBP3388, produce phaseolotoxin, an unspecific toxin that inhibits the biosynthesis of arginine and polyamines [1] [2] [3] . Phaseolotoxin is composed of two readily identifiable moieties: one organic, an L-ornithyl-alanyl-homoarginine tripeptide, and 
Results

Phenotype of phtD -mutant
To study the role of the diverse pht genes in their own regulation, we decided to evaluate the transcriptional activity of the Pht cluster in mutant strains in genes representing the five Pht transcriptional units. Polar mutants in genes phtA, phtL and amtA were already available and shown not to produce phaseolotoxin (Table 1 ) [18, 21] . Therefore, we disrupted gene phtD by insertion of a GUS-Km r cassette (Table 1) thereby causing a polar mutation preventing the expression of downstream genes. This mutant, named 3121phtD, was unable to produce phaseolotoxin as shown by the growth inhibition assay (Fig 1B) .
Reverse transcription-PCR analysis in mutants
Strains 3121phtA, 3121phtD, 3121phtL and 3121amtA contain antibiotic resistance cassettes interrupting genes phtA, phtD, phtL and amtA, respectively (Table 1) . These derivative strains were used to evaluate by reverse transcription-PCR analysis (RT-PCR) the effects of these mutations on the transcription of pht genes at 18˚C and 28˚C. In mutant 3121phtA, containing a mutation in phtA, we could not detect expression of gene phtB at 18˚C or 28˚C, as expected for a polar mutation because phtA and phtB belong to the same operon. Genes phtD to phtK are included in the phtA transcriptional unit but were shown to also be transcribed as an independent operon [18] , which made us expect that their expression would be only partially affected, if at all, in a strain containing a polar mutation in phtA. In this strain, however, genes belonging to the phtD operon (Fig 2A) showed a reduced expression at both 18˚C and 28˚C, whereas in the wild type strain NPS3121 they were strongly expressed at 18˚C but not at 28˚C (Fig 2B) . This indicates that a polar mutation on gene phtA abolishes thermoregulation of the phtD operon. Likewise, this mutant strain also showed a reduced expression of gene phtL at 18˚C; since this gene was shown to regulate the expression of the phtM operon [18] , we were not surprised to also find a significantly lowered expression of operon phtM. Nevertheless, we cannot discard the possibility that this effect was not caused by a reduced expression of phtL, but resulted from a direct regulatory effect of the phtABC genes.
In strain 3121phtD, containing a polar mutation on the phtD gene, we observed the expected abolition of the transcription of the phtD operon (Fig 2B) , In this mutant background, the pattern of transcription of genes phtA and phtB and of the operon phtM were similar to that of the wild type strain NPS3121, although transcription of gene phtL appeared to be somewhat reduced at 18˚C.
In the strain containing a polar mutation in gene phtL, 3121phtL, we could not detect expression of the operon phtM at 18˚C or 28˚C, in agreement with previous results showing that phtL was necessary for phtM expression [18] . In contrast, the transcription pattern of the phtA operon was similar to that in the wild type strain NPS3121, indicating that phtL does not participate in the regulation of this operon.
Finally, the polar mutation disrupting gene amtA (mutant 3121amtA) consequently abolished the transcription of the genes belonging to the same operon and located downstream of Genes are represented by arrows that indicate the direction of transcription. The Pht cluster contains five transcriptional units, including two monocistronic (argK and phtL) and three polycistronic (phtA, phtD and phtM) [18] . Mutated genes are indicated by an X over the corresponding gene. (B) Analysis by RT-PCR of the transcriptional pattern of the Pht-cluster in the wild type strain NPS3121 and derivative mutants. Pictures show the RT-PCR product corresponding to each analyzed locus, as indicated by the black bars, separated by electrophoresis on agarose gels; mutated genes are indicated by an X over the corresponding picture of the RT-PCR gel. Numbers under the pictures represent the temperature at which expression was assayed: 1 = 18˚C; 2 = 28˚C. amtA, but not of those located upstream (Fig 2B) . Conversely, the transcriptional pattern of the phtL and phtA operons were unaffected in the mutant 3121amtA background (Fig 2B) .
Together, these results suggest that genes phtA, phtB and/or phtC, but not other genes belonging to the phtA operon or downstream of phtP in the phtM operon, are participating in the regulation of the phtD and phtM operons.
Transcriptional activity of uidA fusions in mutant backgrounds
To analyze the participation of genes phtABC on the regulation of the phtA operon, we carried out a transcriptional uidA fusion analysis in phtA -and phtD -mutant backgrounds (strains 3121phtA and 3121phtD, respectively). To this end, we used plasmids pPphtA::GUS and pPphtD::GUS, which contain transcriptional uidA fusions to the phtA and phtD promoters, respectively (Table 1) . To assess promoter activity in trans, these constructions were electroporated into the wild type strain NPS3121 and into the 3121phtA and 3121phtD mutants and the β-Glucuronidase (GUS) activity was quantified at 18˚C and 28˚C (Fig 3) ; nevertheless, we are aware that the levels of expression do not necessarily correlate to levels in vivo since the reporter gene in trans occurs in multiple copies [29] . [29] pWM6 pWM6 Kanamycin cassette [34] pSAK Ap r ; argK in pUCP20 [29] pSAK-A Ap r ; argK-phtA in pUCP20 [29] pSAK-B Ap r ; argK-phtB in pUCP20 [29] pSAK-C Ap r ; argK-phtC in pUCP20 [29] pSAK-AB Ap r ; argK-phtAB in pUCP20 [29] pSAK-BC Ap r ; argK-phtBC in pUCP20 [29] pSAK-AC Ap r ; argK-phtAC in pUCP20 [29] pSAK-ABC Ap r ; argK-phtABC in pUCP20 [29] The phtA promoter directed a higher uidA expression at 18˚C than at 28˚C in the wild type strain NPS3121, as expected, and a similar pattern was observed in the phtD -polar mutant strain 3121phtD, although with a significantly lower expression ( Fig 3A) . Conversely, we observed a reversed expression pattern in the phtA -mutant strain 3121phtA and with significantly higher levels of promoter activity than in strain NPS3121 ( Fig 3A) . This suggests that the activity of the phtABC genes participate in repressing their own transcription, with a greater repression at the nonpermissive temperature of 28˚C. The pattern of expression of the phtD promoter was similar to that of gene phtA in all strains, although with lower activity (Fig 3B) , as it occurred with phtA, expression of phtD at 28˚C was significantly higher in the phtA -mutant than in the wild type ( Fig 3B) . Therefore, and in agreement with our RT-PCR analyses, these results suggest that the polar mutation in gene phtA, but not that in gene phtD, resulted in alleviation of the repression of the phtA and the phtD promoters at 28˚C. In consequence, we focused our analysis in the participation of genes phtA, phtB and phtC on the regulation of the phtA operon.
The products of genes phtABC repress their own expression in the Toxstrain P. syringae pv. phaseolicola CYL233
We evaluated the participation of genes phtABC in the transcriptional regulation of their own promoter by Northern blot and using the P. syringae pv. phaseolicola wild type strains NPS3121 (Tox+) and CYL233 (Tox-) containing diverse constructions with these genes. Strain CYL233 is naturally unable to synthesize phaseolotoxin because it lacks the entire Pht cluster for phaseolotoxin biosynthesis [29, 32, 35, 36] , and was used to discard the participation in this regulation of other genes from the Pht cluster. Plasmids pSAK-A, pSAK-B, pSAK-C, pSA-K-AB, pSAK-BC, pSAK-AC, and pSAK-ABC containing genes argK-phtA, argK-phtB, argKphtC, argK-phtAB, argK-phtBC, argK-phtAC and argK-phtABC cloned into pUCP20, Phaseolotoxin biosynthesis depends on phtABC genes expression respectively, were used in this study (Table 1) . Clones of strains NPS3121 and CYL233 containing these constructions were grown in M9 medium at 18˚C and 28˚C and the phtA, phtB and phtC expression pattern was evaluated by Northern blot analysis (Fig 4) .
In the Tox+ wild type strain NPS3121, genes phtABC were expressed at 18˚C but not at 28˚C, both when cloned individually and when cloned as an operon (Fig 4A) . The low levels of phtA, phtB and phtC expression at 28˚C in NPS3121 containing the phtABC constructions ( Fig  4A) were not unexpected, since pSAK-A, pSAK-B and pSAK-C and pSAK-ABC are plasmids that occur in multiple copies [33] and the cloned regulation region would probably titrate the repressor. However, these genes showed a different and complex pattern of expression in the Tox-strain CYL233 (Fig 4B) . When cloned individually, genes phtA, phtB and phtC were expressed constitutively at both tested temperatures. Clones containing the gene combinations phtAB or phtBC showed a degree of thermoregulation, resembling the situation in the wild type strain (i.e., showing strong expression at 18˚C and low expression at 28˚C). Unexpectedly, clones containing genes phtAC consistently showed a very low expression level of these two genes, and only at 28˚C; we do not currently have any valid explanation for this phenomenon. Remarkably, the expression of genes phtA, phtB and phtC in strain CYL233 was completely abolished in clones containing the construction with the complete operon, namely pSAK-ABC (Fig 4B) . This behaviour is compatible with the previously observed repression of gene argK by strain CYL233 containing clone pSAK-ABC [29] , and indicate that genes phtABC participate in the repression of their own transcription and that of gene argK.
Bioinformatic analysis of genes phtABC
In an effort to understand the functional role of phtA, phtB and phtC products, we conducted several analyses. While no conserved domains were found for PhtB and PhtC in an InterProScan search, PhtA belongs to the P-loop containing nucleoside triphosphate (NTP) hydrolases superfamily (InterPro SSF52540), whose members can function as kinases with very different specificities, as different kinds of motor proteins, and as batteries to drive reactions through conformational change. Further analyses in Phyre2, a protein modelling predictor [37] , showed that the product of the phtA gene was similar to a tyrosine sulfotransferase domain (99.6% confidence), whereas PhtB and PhtC showed similarity with a cyth-like phosphatase (54.1% confidence) and a peptidyl-trna hydrolase (16.3% confidence), respectively.
Lack of conserved regulatory or DNA-binding domains and presence of domains found in proteins with enzymatic activity, indicate that the products of genes phtABC are not typical transcriptional regulators or DNA-binding enzymes. Rather, these genes likely exert their regulatory role by producing intermediate molecules that participate in the regulation of the Pht cluster.
Discussion
Several efforts have been made to understand the intriguing and complex regulatory mechanism involved in phaseolotoxin synthesis and regulation. There are several gene products coded outside the Pht cluster involved in phaseolotoxin regulation: the GacA/GacS system, which is necessary for expression of operons within the Pht cluster at 18˚C; the global regulator IHF, participating in the repression control of the phtD operon, and, finally, an unknown repressor protein able to mediate an efficient argK repression [25, 28, 29] . Additionally, other genes coded into the Pht cluster also participate: the gene product of phtL is involved in the regulation of the phtM operon [18, 38] , whereas the products of genes phtABC participate in the transcriptional repression of gene argK at temperatures not permissive for phaseolotoxin biosynthesis [29] . The results obtained in this study indicate that in P. syringae pv. phaseolicola NPS3121, genes phtABC are also essential to prevent their own expression at 28˚C, a temperature at which no detectable amounts of the toxin are present. Products of the phtABC genes lead to a very efficient repression in the nontoxigenic strain CYL233 background; however, this repression was not alleviated at 18˚C, a temperature at which genes phtA, phtB and phtC are expressed in strain NPS3121. Conversely, phtA, phtB and phtC followed the wild type expression pattern, expressed at 18˚C but not at 28˚C, when using the same construction in the toxigenic strain NPS3121. These results may suggest that the elements necessary to derepress the phtA operon at 18˚C could be included into the Pht cluster; however, since these two strains are not isogenic, we cannot discard the possibility that other genes from NPS3121 are involved in this thermoregulation.
It is interesting to note that the transcriptional pattern of genes belonging to the internal operon phtD also appear to be regulated by the phtABC products, since a polar mutation in gene phtA resulted in a low alleviation of the repression of the phtD operon at the non-permissive temperature for phaseolotoxin synthesis. With respect to the regulation of this operon there is only one report demonstrating that the regulatory protein IHF binds to the promoter region of the phtD operon, most likely exerting a negative control on expression [28] . The regulatory connection between IHF and the PhtABC remains to be determined. Interestingly, the products of genes phtABC also appear to be involved in phtL regulation. A regulatory function for the PhtL protein has been suggested, not only regulating phaseolotoxin production [18] , but also controlling the expression of genes related to iron response [38] . Functional and comparative analyses also suggested that PhtL might be involved in the biosynthesis of octicidin, participating in the formation of N-P bonds [20] . Therefore, it is feasible that octicidin might work as a toxin and also as an inducer, interacting with a regulatory protein to promote transcription of the phtM operon at 18˚C. We observed a drastic repression of the phtM operon in the phtA -mutant strain (Fig 2B) , and at both 18˚C and 28˚C, in spite that gene phtL was still being transcribed. This effect, however, was not seen with the phtD -mutant, suggesting that genes phtABC also participate in the regulation of the phtM operon. At the moment this is the first evidence about the possible regulatory connection between the phtABC genes and the phtD, phtL and phtM operons, whereby further work to investigate these regulatory mechanisms is currently under way in our laboratory. Genes phtABC are transcribed divergently to argK and it was reported that the promoters of phtA and argK possess well-conserved -10 and -35 regions characteristic of Pribnow-type promoters [14, 18] . In a divergent transcription arrangement, usually one transcript determines a regulatory molecule and the other one determines a nonregulatory polypeptide [39] . According to our results, negative regulation of the phtA operon in P. syringae pv. phaseolicola NPS3121 is mediated by the products of the phtABC genes, as it occurs with the argK gene [29] . From our Phyre2 analysis, PhtB and PhtC showed similarity with a cyth-like phosphatase and a peptidyl-trna hydrolase, respectively. Additionally, PhtA was similar to a tyrosine sulfotransferase domain. Sulfotransferase activity is required to synthesize ascamycin and dealanylascamycin in Streptomyces sp. JCM9888. These antibiotics share an unusual 5'-O-sulfonamide moiety containing N-S bound in a similar way to the phaseolotoxin inorganic moiety [40] . Six genes (acmABGKIW) are hypothetically involved in 5´-O-sulfonamide formation. To explain the mechanism involved in the synthesis of 5´-O-sulfonamide, it has been proposed that sulfate ions must be activated by the formation of 3 0 -phosphoadenosine 5 0 -phosphosulfate (PAPS), which is probably catalysed by an adenylsulfate kinase (AmcB) [41] . Furthermore, sulfurylation will be catalysed by AcmB and a sulfotransferase (AcmK), which could to act upon the adenosine, utilizing PAPS as an activated sulfate donor to generate adenosine 5-sulfonate. Finally, an aminotransferase (AcmN) replace a hydroxyl group of the sulfonate with an amine group, generating the 5´-O-sulfonamide moiety [41] .
According to Phyre2 analysis, the products of phtA, phtS and phtF genes showed similarity with a sulfotransferase, an adenylylsulfate kinase (100% confidence) and an aminotransferase (100% confidence), respectively. In agreement with this, we propose that PhtABC, PhtS and PhtF activities could be involved in the synthesis of the sulfodiaminophosphinyl moiety of phaseolotoxin, in a similar way as it occurs during the biosynthesis of ascamycin and dealanylascamycin. We are aware that PhtB and PhtC were modelled by Phyre2 with a very low level of confidence, although their involvement in the regulation of the Pht cluster in conjunction with PhtA suggests that the observed homology might be accurate and that they would also participate in the biosynthesis of the sulfodiaminophosphinyl group.
At the moment we do not have yet a satisfactory explanation about how PhtABC could be regulating their own transcription. However, it was proposed that the phaseolotoxin inorganic moiety could be acting as an indirect inducer of pht genes, by binding to a specific repressor molecule and removing it from its DNA target sequence [19] . Accordingly, we could hypothesize from our results that the products of genes phtABC participate in the synthesis of the inorganic moiety, which in turn would indirectly be involved in the transcriptional regulation of the argK gene [29] and the phtA operon.
Materials and methods
Bacterial strains, plasmids and media
The bacterial strains and plasmids used in this study are described in Table 1 . Escherichia coli was cultured at 37˚C using Luria-Bertani medium (LB) [30] . Strains of P. syringae pv. phaseolicola were grown at 18˚C or 28˚C using King´s medium B (KB) [42] or M9 medium [30] . When needed, the following supplements were added to media at the indicated final concentrations: carbenicillin, 100 μg/ml; kanamycin, 50 μg/ml; tetracycline, 10 μg/ml and spectinomycin, 50 μg/ml. All constructions were transferred to P. syringae pv. phaseolicola strains by electroporation.
General DNA manipulations
Standard molecular biology techniques were performed as previously described [30] . Chromosomal DNA from P. syringae pv. phaseolicola was obtained as previously reported [43] . Plasmids and DNA from agarose gels were purified using Qiagen columns and kits (Valencia, CA, U.S.A.). Restriction enzymes and T4 DNA ligase were used according to the manufacturer´s instructions (Invitrogen). DNA fragments used as probes for Northern blots were labelled with [α- 
Construction of a polar mutant of phtD
A PCR-derived amplicon containing the phtD gene from the phaseolotoxin gene cluster, from strain NPS3121, was cloned in the pUC19 vector; gene phtD was then disrupted by digestion with the restriction enzyme MscI and the insertion, in the opposite orientation to the transcription of the gene, of a 3.8 kb SmaI fragment containing the uidA-aph cassette from pWM6 [34] . The construct was confirmed by restriction digestion and introduced by electroporation into P. syringae pv. phaseolicola NPS3121; consequently, a polar mutant of phtD was obtained by the replacement of the wild type allele in the P. syringae pv. phaseolicola chromosome by a double recombination event. Kanamycin resistance was used to select for double-recombination events. The fidelity of the double recombination was confirmed by PCR analyses.
Phaseolotoxin bioassays
Phaseolotoxin production was assayed by the E. coli growth-inhibition assay [44] as previously described [21, 45] . In every case, plates containing arginine were used as controls to confirm that growth inhibition was due to phaseolotoxin.
GUS assays of transcriptional uidA fusions in mutants backgrounds
Plasmids pPphtA::GUS and pPphtD::GUS containing transcriptional uidA fusions to the phtA and phtD promoters, respectively, were used in this study (Table 1) . These plasmids were mobilized into the P. syringae pv. phaseolicola strains NPS3121, 3121phtA and 3121phtD via electroporation. To measure β-glucuronidase (GUS) activity, strains carrying plasmids were grown in M9 medium at 18˚C or 28˚C to an O.D. 600 of 0.8, bacteria were then harvested by centrifugation and resuspended in GUS extraction buffer (50 mM NaHPO 4 [pH 7.0], 10 mM disodium EDTA, 10 mM β-mercaptoethanol, 0.1% [wt/vol] sodium lauryl sarcosine, 0.1% [wt/ vol] Triton X-100). GUS activity was determined by measuring the accumulation of 4-methylumbelliferone in a reaction mixture consisting of the bacterial lysate supplemented with 1 mM 4-methylumbelliferyl glucuronide. To terminate the reaction, 1,950 μl of 0.2 mM Na 2 CO 3 was combined with 50 μl of the reaction mixture; then the product 4-methylumbelliferone was determined fluorometrically [46] using a VersaFluor fluorometer (Bio-Rad Laboratories, CA), to report GUS activity as specific activity (one Unit = 1 pmol of methylumbelliferone formed per minute per milligram of protein). Protein from bacterial lysates was determined by the method of Bradford [47] . As controls in these experiments, lysates from the wild type strain NPS3121, which exhibited no detectable GUS activity, were used. GUS activity is reported as the mean ± standard deviation of three repetitions, with three replicates each. Data were analyzed by two-way analysis of variance (ANOVA), with a P-value <0.01 considered significant, followed by Duncan's multiple range test with a 5% significance level using the R software version 3.3.3.
RNA extraction, reverse transcription-PCR and Northern blot analyses
RNA was isolated from cultures of P. syringae pv. phaseolicola grown in M9 medium at 18˚C or 28˚C to an O.D. 600 of 0.8. Total RNA was extracted from cells using TRIzol reagent as recommended by the supplier (Invitrogen) and any possible residual genomic DNA was removed from the samples by digestion with RNAse-free DNAse (Invitrogen). For reverse transcription-PCR analysis, the RNA was checked for integrity in a denaturing agarose gel and used for reverse transcription (RT) and PCR using the SuperScript One-Step Kit (Invitrogen). A list of primers used in these analyses is in Table 2 . Controls used for each set of primers were: 1) PCRs without the reverse transcription step to confirm the absence of DNA; 2) RT-PCRs without RNA templates to detect any contaminating DNA/RNA; 3) PCRs using chromosomal DNA as template to ensure primer fidelity, and 4) the amplification of a portion of the 23S ribosomal RNA operon using suitable primers, as an internal control of the reaction. The RT reaction was performed at 50˚C for 40 min, followed by PCR amplification at 94˚C for 2 min for 1 cycle; 94˚C for 35 s, 58˚C for 30 s, 72˚C for 2 min for 25 cycles; 72˚C for 15 min for 1 cycle.
For Northern blot analysis, samples of total RNA (20 μg) were denatured by treatment with formamide and separated by electrophoresis using 1.3% denaturing agarose gels. The RNA Phaseolotoxin biosynthesis depends on phtABC genes expression was transferred to Hybond-N+ nylon membranes (Amersham) and cross-linked by exposure to UV radiation. Hybridization was performed using NorthernMax Prehybridization/Hybridization buffer (Ambion) using internal fragments of the genes phtA, phtB, phtC as probes. All probes were labeled with [α-32 P]dCTP by using the RediPrime Random Primer labeling kit. After overnight hybridization at 60˚C, membranes were washed twice with 2X SSC-0.1% sodium dodecyl sulfate (1X SSC is 0.15 M NaCl and 0.015 M sodium citrate) for 5 min at room temperature, followed by a wash with 1X SSC-0.1% sodium dodecyl sulfate for 15 min at 60˚C. Membranes were exposed in a Storm 860 apparatus and the resulting image was analyzed using ImageQuant version 1.1 software. 
